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Stainless	 steel	 is	 increasingly	popular	 in	 construction	projects	owing	 to	 its	 corrosion‐
resistance,	 excellent	mechanical	 and	physical	properties	 and	 its	 aesthetic	 appearance.	
The	 current	 paper	 is	 concerned	 with	 the	 use	 of	 these	 materials	 in	 steel‐concrete	
composite	beams,	which	is	an	entirely	new	application.		Current	design	codes	for	steel‐
concrete	composite	beams	are	based	on	elastic‐perfectly	plastic	steel	material	behaviour	
neglecting	 strain	 hardening.	Whilst	 this	 is	 a	 reasonable	 assumption	 for	 carbon	 steel,	
stainless	steel	is	a	very	ductile	material	which	offers	significant	levels	of	strain	hardening	
prior	to	failure.		Therefore,	current	design	provisions	typically	result	in	inaccurate	and	
overly‐conservative	 strength	 predictions	 when	 applied	 to	 stainless	 steel	 composite	
beams.	The	current	study	presents	for	the	first	time,	an	analytical	solution	for	predicting	
the	plastic	bending	capacity	of	stainless	steel–concrete	composite	beams	with	either	full	
or	partial	 shear	connection.	This	method	 is	a	development	of	 the	continuous	strength	
method	(CSM).	Since	the	analytical	analysis	requires	complex	mathematical	solution,	a	
simplified	 analytical	 solution	 is	 also	 proposed,	 utilising	 some	 of	 the	 assumptions	 in	
Eurocode	4.	There	are	no	 tests	 currently	available	 in	 the	 literature	 for	 stainless	 steel‐
concrete	composite	beams.	Therefore,	a	finite‐element	model	is	developed	and	validated	
against	a	number	of	experimental	results	for	composite	beams	made	from	normal	or	high	
strength	 carbon	 steel.	 	 The	 validated	numerical	model	 is	 then	used	 to	 investigate	 the	












compared	 to	 a	 bare	 steel	 or	 concrete	 section.	 This	 results	 in	 savings	 not	 only	 in	
construction	depth	but	also	in	terms	of	material	consumption,	which	means	also	lower	
environmental	impact	and	reduced	energy	consumption	[1].		Composite	beams	which	are	
subjected	 to	 positive	 bending	 (i.e.	 sagging)	 offer	 a	 particularly	 efficient	 use	 of	 the	
constituent	materials.	In	this	case,	the	steel	section	is	subjected	to	tensile	stresses	whilst	
the	 concrete	 slab	 acts	 primarily	 in	 compression,	 thus	 utilising	 the	 favourable	
characteristics	of	each	material.			
It	 is	 generally	desirable	 for	plastic	design	 that	 composite	beams	have	a	ductile	 cross‐
section,	 in	 which	 strain	 hardening	 develops	 in	 the	 lower	 flange	 before	 the	 collapse	
moment	is	reached	[2].	However,	for	calculating	the	load‐bearing	capacity	of	composite	
beams,	design	codes	such	as	Eurocode	4	[3]	generally	neglect	strain	hardening	effects	and	
employ	 a	 rigid‐plastic	 analysis	 of	 the	 cross‐section,	 thus	 providing	 conservative	




construction	 and	 load‐bearing	 applications	 due	 to	 its	 excellent	mechanical	 properties	
such	as	higher	strength	and	ductility,	better	retention	of	strength	and	stiffness	at	high	
temperature	 [4]	 and	 excellent	 corrosion	 resistance	properties,	 compared	with	 carbon	
steel.	Stainless	steel	does	not	require	coatings	to	be	applied,	thus	leading		to	life‐cycle	cost	
savings	 relative	 to	 carbon	 steel	 especially	 for	 offshore	 steel	 structures	 [5],	 as	well	 as	
reducing	maintenance	and	rehabilitation	costs.	









from	 the	engineering	 community	 and	 research	 studies	have	generally	been	 limited	 to	
investigating	 the	 behaviour	 of	 concrete‐filled	 stainless	 steel	 columns	 under	 different	
loading	conditions	using	experimental	and	numerical	analysis.	Lam	et	al.	[15]	conducted	
experiments	on	 the	behaviour	of	axially	 loaded	concrete‐filled	stainless	steel	elliptical	
sections	 made	 from	 normal	 and	 high	 strength	 concrete.	 Uy	 et	 al.	 [16]	 carried	 out	
experiments	on	concrete‐filled	stainless	steel	circular,	square	and	rectangular	sections	of	
short	 and	 slender	 columns	 subjected	 to	 combined	 axial	 compression	 and	 bending	
moment.	 The	 behaviour	 of	 concrete‐filled	 stainless	 steel	 circular	 and	 square	 tubular	










structural	 applications,	 and	 can	 also	 reduce	 the	maintenance	 costs	 required	 over	 the	
lifetime	of	a	structure,	 compared	with	carbon	steel.	However,	 it	 is	only	 in	very	recent	
years	 as	 the	 demands	 for	 more	 sustainable	 construction	 have	 been	 given	 higher	










very	 valuable	 solution	 in	bridge	 applications,	where	harsh	 environments	 and	difficult	









for	 design	 in	 general	 so	 that	 warning	 is	 given	 before	 collapse	 and	 for	 moment	
redistribution	to	occur.	According	to	current	design	codes,	the	plastic	bending	resistance	
of	 composite	 steel‐concrete	 beams	 is	 determined	 by	 rigid‐plastic	 theory	 in	which	 the	
effective	area	of	the	steel	member	is	stressed	to	its	yield	strength,	neglecting	any	stain	
hardening	effects	in	the	steel.	Although	this	is	a	reasonable	assumption	for	carbon	steel	






In	 this	 context,	 the	 current	 study	 presents	 an	 analytical	 solution	 for	 estimating	 the	





there	 are	 no	 tests	 available	 on	 stainless	 steel‐concrete	 composite	 beams,	 a	 nonlinear	








cross‐sectional	 resistance	of	metallic	members	using	 two	key	 components:	 (1)	 a	 base	
curve	which	 defines	 the	 continuous	 relationship	 between	 compressive	 local	 buckling	
strain	at	the	ultimate	load	and	the	cross‐section	slenderness	and	(2)	a	material	model	
that	allows	for	the	stain	hardening.	Gardner	and	Nethercot	[21]	originally	proposed	the	
design	method	 for	 stainless	 steel	 hollow	 sections	 loaded	 in	 compression,	 bending	 or	
combined	 compression	 and	 bending.	 The	 design	 method	 was	 further	 extended	 to	
calculate	 the	 cross‐sectional	 compression	 and	 bending	 resistance	 of	 other	 metallic	
materials	such	as	aluminium	and	high	strength	steel	[20]	as	well	as	open	stainless	steel	
cross‐sections	subjected	to	various	types	of	loading	[22].	It	was	found	that	the	method	
provides	 more	 accurate	 predictions	 of	 the	 cross‐sectional	 resistance	 compared	 with	
those	obtained	using	the	Eurocode	3	[23]	and	ASCE	[24]	design	codes.	In	2008,	the	term	








benefits	 of	 strain	 hardening.	 Furthermore,	 the	CSM	method	was	 recently	 extended	 to	






Stainless	 steel	 is	 usually	 divided	 into	 five	 different	 families	 in	 accordance	 with	 the	
chemical	 composition,	 including	 the	 austenitic,	 ferritic,	 martensitic,	 precipitation‐







Whereas	 carbon	 steel	 has	 a	 clear	 yield	 point,	 and	 relatively	 little	 strain	 hardening	
thereafter,	stainless	steel	has	a	predominantly	nonlinear	stress‐strain	relationship	even	
before	yielding	(see	Fig.	1)	with	significant	strain	hardening	in	the	post‐yield	range.	In	
the	absence	of	a	 clearly	defined	yield	point,	 the	stress	at	an	offset	 to	 the	0.2%	plastic	
strain,	 i.e.	the	0.2%	proof	strength	(σ0.2),	 is	typically	used	to	define	the	yield	stress	for	
stainless	steels.	This	 is	determined	by	drawing	a	 line	with	a	slope	equal	 to	 the	elastic	
modulus	 (E)	 between	 the	 0.2%	 strain	 on	 the	 x‐axis	 and	 the	 stress‐strain	 curve.	 	 The	
ultimate	tensile	strength	(σu)	is	typically	around	500‐700	N/mm2	for	austenitic	stainless	























where		ε∗ ε ε .
. 	
where	 ε0.2	 is	 the	 total	 0.2%	 strain	 corresponding	 to	 σ0.2	 and	m	 is	 a	 strain	 hardening	
coefficient.	In	the	following	sub‐sections,	the	material	models	discussed	herein	are	used	
to	develop	both	a	full	and	simplified	analytical	model,	based	on	the	continuous	strength	






For	 composite	 beams	 with	 full	 shear	 connection,	 where	 the	 shear	 connection	
deformability	is	very	small,	a	single	plastic	neutral	axis	(NA)	exists.	The	position	of	the	
neutral	axis	and	the	plastic	bending	moment	capacity	can	be	identified	by	applying	the	







be	 negligible	 and	 therefore	 is	 ignored	 and	 the	 strain	 distribution	 over	 the	
composite	cross	section	is	linear	with	constant	curvature	κ.	
‐ Any	reinforcement	in	the	concrete	slab	is	ignored	in	the	calculations.	




The	 full‐range	 stress‐strain	 relationship	 for	 stainless	 steel	 illustrated	 in	 the	 literature	
(e.g.	[28])	typically	describes	the	strain	as	an	explicit	function	of	stress.	However,	in	order	
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the	 stainless	 steel	web	 (i.e.	 y . t y t ,	where	 y1,	 tc	 and	 tf	 are	 the	depth	 of	 the	
compressive	area	of	the	concrete	slab,	the	depth	of	the	concrete	slab	and	the	thickness	of	
the	 top	 flange	 of	 the	 stainless	 steel	 section,	 respectively),	 Case	 2	 corresponds	 to	 the	
situation	when	y . 	 is	within	 the	 top	stainless	 steel	 flange	(i.e.	 t y y . t t 	
while	in	Case	3,	y . 	is	within	the	concrete	slab	(i.e.	0 y . t y ).	
Based	on	the	strain	distribution	and	the	full	stainless	steel	stress‐strain	material	model,	










The	 initial	step	 in	calculating	the	plastic	bending	capacity	of	 the	composite	beam	is	 to	
locate	the	position	of	the	neutral	axis	at	failure	(i.e.	y1).	The	position	y1	can	be	obtained	
based	on	the	equilibrium	of	internal	forces,	and	is	given	as:	










κ min	 κ 	, κ 	 (8)
In	this	expression,	κ 	is	the	limiting	curvature	for	concrete	failure	(i.e.	when	the	strain	at	
the	 outer	 concrete	 fibre	 reaches	 the	 ultimate	 strain	 of	 concrete,	 ε )	 and	 can	 be	
determined	from:		
κ ε y⁄ 	 (9)
The	nominal	ultimate	strain	of	concrete	(ɛcu),	as	a	percentage,	is	given	in	Eurocode	2	[34]	
as:		



















In	 the	 previous	 section,	 an	 accurate	 analytical	 solution	 to	 obtain	 the	 plastic	 bending	
moment	 of	 composite	 stainless	 steel‐concrete	 beans	 was	 presented.	 However,	 the	
analytical	 model	 requires	 numerical	 integration	 to	 obtain	 the	 internal	 forces	 and	








From	the	strain	diagram	 in	Fig.	3,	 it	 is	observed	 that	 the	distance	between	 the	plastic	
neutral	axis	and	the	location	of		σ 	(i.e.	y2)	is	determined	as:	
y t 0.6	h y 	 (13)
where	y1	is	the	height	of	compressive	area	of	the	concrete	slab.	
From	horizontal	equilibrium	of	the	internal	forces:	







It	is	assumed	that	y 	 y . ,	and	therefore:		
11 
 
σ σ . 1
r 	 εε .
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ε κ	y κ	 t 0.6	h y 	 		(16)




M σ 	 H h 2⁄ y 2⁄ 	 (18)
The	 flow	 chart	 of	 the	 algorithm	 to	 calculate	 the	 position	 of	 the	 neutral	 axis	 and	 the	
bending	moment	capacity	is	shown	in	Fig.	4.	
4.3‐	Partial	shear	connection	using	simplified	analytical	analysis	
The	equations	presented	 in	Section	4.2.3	 to	calculate	 the	bending	moment	capacity	of	
composite	 beams	with	 full	 shear	 connection	 cannot	 be	 readily	 applied	 for	 composite	
beams	with	partial	shear	connection.	However,	a	similar	procedure	can	be	employed	to	


















2‐ The	 nonlinear	 stress	 diagrams	 in	 the	 compressive	 and	 tensile	 areas	 of	 the	
stainless	steel	member	are	simplified	to	block	diagrams	with	a	constant	stress	
value	of	σ 	and	σ 	which	represent	the	stresses	at	60%	of	the	height	of	the	
compressive	 and	 tensile	 areas	 of	 the	 steel	member,	 respectively,	measured	
from	the	neutral	axis	of	the	stainless	steel	member	(NA‐2	in	Fig.	5).	
3‐ The	 slip	 strain	 (ε )	 at	 the	 concrete‐steel	 interface	 is	 assumed	 to	be	 a	 linear	
function	of	shear	connection	ratio,	β.	
Three	cases	are	considered,	depending	on	 the	position	of	 the	second	NA	(NA‐2	 in	 the	
stainless	steel	section),	as	shown	in	Fig.	7.	Case	1	represents	the	case	where	the	second	
NA	 is	within	 the	web	of	 the	stainless	steel	beam	element	(y h t ,	where	h	 is	 the	
height	of	the	stainless	steel	section	and	yoa	is	the	distance	from	NA‐2	to	the	bottom	fibre	
of	 the	 stainless	 steel	 section,	 as	 shown	 in	Fig.	 7),	 Case	2	 corresponds	 to	 the	 situation	




κ min κ 	, κ 	, κ 										for	Cases	1	and	2		
κ min κ 	, κ 																			for	Cases	3		
(19)




ε ε ε 	 (20)
where	 ε 	 and	 ε 	 are	 the	 strains	 in	 the	 concrete	 and	 the	 steel	 at	 the	 interface,	
respectively.	These	can	be	obtained	from	the	following	expressions:		
ε κ y h 	 (21)


















y y α	 (25)
The	 distances	 y 	 and	 y ,	 as	 indicated	 in	 Fig.	 7(a),	 are	where	 constant	 stresses	 are	
assumed,	and	are	calculated	as:	
y 0.6 h y 						for	Case	1	and	2		 (26)
y 0.6y 																		for	Case	1	and	2		 (27)




If				y y y 	
σ σ E κ y ε 				 where i 1,2… ,6	 (29a)
If				y y y 	
σ σ E κ y ε 				 where i 1,2… ,6 	 (29b)
The	strains	shown	in	Fig.	6	are	assumed	to	be	as	follows:	
ε 0;	ε ε . ; 	ε 3ε . ; 	ε 5ε . ; ε 10ε . ; ε 0.3ε ; ε ε 	 (30)
Accordingly,	the	corresponding	stresses	can	be	calculated	as:	
σ 0	
σ σ . 	









E 								i 1, … ,6			 (32)






F F F F F 								for	Case	1	 (34a)
F F F F F 								for	Case	2	 (34b)



















There	 are	 no	 tests	 available	 in	 the	 literature	 on	 the	 flexural	 behaviour	 of	 composite	
stainless	steel‐concrete	beams.	Therefore,	a	numerical	model	is	developed	in	the	current	
section	 to	 examine	 the	 proposed	 analytical	 solutions.	 Shamass	 and	 Cashell	 [36]	
previously	 developed	 a	 finite‐element	 (FE)	 model	 using	 the	 ABAQUS	 software	 for	
composite	 concrete‐steel	 beams	made	 from	 either	 normal	 or	 high	 strength	materials.	
This	numerical	model	was	shown	to	be	capable	of	accurately	predicting	the	behaviour	of	
composite	beams	in	terms	of	bending	moment	capacity,	initial	bending	stiffness	and	also	
the	 interaction	 performance	 for	 composite	 members	 with	 full	 or	 partial	 shear	








the	 behaviour.	 The	 implicit	 dynamic	 solution	 method	 for	 quasi‐static	 behaviour	 is	
employed,	which	provides	good	convergence	behaviour.	 	This	method	uses	an	implicit	
time	integration	scheme	to	calculate	the	transient	dynamic	or	quasi‐static	response	of	a	
system.	The	 flat	 concrete	 slab	and	steel	beam	are	modelled	using	shell	 elements	with	
reduced	integration,	namely	the	S4R	element	in	ABAQUS.	This	element	is	widely	used	for	
construction	 applications	 because	 it	 provides	 accurate	 results	 for	 both	 thin	 and	 thick	
shells	in	an	efficient	manner.	The	shear	studs	are	modelled	using	Cartesian	connectors	





































ε 0.7 f . 2.8	 (40)
The	nominal	ultimate	strain	(ɛcu1),	as	a	percentage,	is	given	by:		
ε 2.8 27 98 f /100 	for	f 50 N/mm ,		otherwise		3.5	 (41)
On	 the	 other	 hand,	 the	material	model	 for	 the	 stainless	 steel	 beam	 in	 the	 composite	
















for σ . σ σ
	 (42)




σ σ 1 ε 	
(43)
ε ln	 1 ε 	
6‐	Validation	of	the	proposed	analytical	models	
						6.1‐	Full	shear	connection	







Tables	 4	 and	 5	 present	 the	 bending	moment	 capacities	 obtained	 from	 the	 numerical	
analysis	 (MFE)	 as	 well	 as	 from	 the	 full	 and	 simplified	 analytical	 method	 (Man,full	 and	
Man,simp,	respectively)	for	beams	S1	and	S2.	It	is	observed	that	a	very	good	agreement	is	
achieved	between	the	ABAQUS	and	both	set	of	analytical	predictions.	For	beam	S1,	the	





except	 one)	 but	 only	 by	 up	 to	 3%	 while	 the	 simplified	 analytical	 model	 generally	
underestimates	the	capacity	(in	all	cases	except	one)	but	only	by	up	to	2.5%.	Therefore,	
it	can	be	deduced	that	the	full	and	simplified	analytical	solutions	proposed	in	Section	4.2.2	









Table	 6.	 The	 bending	moment	 capacities	 predicted	 by	 the	 full	 analytical	 analysis	 are	
presented	together	with	those	obtained	using	the	simplified	expressions	in	Fig.	9.	It	can	
be	 seen	 that	 the	 predicted	 bending	 moment	 capacity	 obtained	 using	 the	 simplified	
analytical	analysis	are	in	very	good	agreement	with	the	corresponding	values	obtained	
from	 the	 full	 analysis.	 Generally,	 the	 average	 deviation	 is	within	 2%.	 In	 all	 cases,	 the	
simplified	 equation	 predicts	 slightly	 lower	 values	 than	 the	 more	 detailed	 model	 but	
nevertheless,	 given	 the	 data	 presented	 in	 Fig.	 9,	 it	 is	 concluded	 that	 the	 simplified	
analytical	analysis	developed	in	this	study	is	adequate	for	predicting	the	bending	strength	
of	 composite	 beams	 for	 specimens	 made	 from	 various	 concrete	 and	 stainless	 steel	
materials	 with	 a	 full	 shear	 connection.	 Moreover,	 given	 the	 significant	 additional	
complexities	 involved	 in	 achieving	 a	 solution	 for	 the	 full	 model	 compared	 with	 the	














the	 analytical	 procedure	 developed	 in	 this	 paper.	 For	 illustration	 purposes,	 the	














composite	 beams	 made	 from	 stainless	 steel,	 to	 predict	 the	 plastic	 bending	 moment	
capacity	for	members	with	full	and	partial	shear	connection.	Two	different	models	are	
presented,	namely	a	full,	detailed	model	as	well	as	a	more	simplified	approach.	Since	no	
tests	 have	 been	 conducted	 on	 stainless	 steel‐concrete	 composite	 beams,	 a	 validated	
finite‐element	model	is	employed	to	investigate	the	accuracy	of	the	proposed	analytical	
approach.	 The	 analytical	 analysis	 in	 the	 full	 model,	 in	 particular,	 requires	 complex	
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	 Case	1	 Case	2 Case	3	
F 	 0.85	f 	b 	y 	 0.85 f b y 	
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Section	name	 bc	(mm)	 tc	(mm)	 tw	(mm)	 h	(mm)	 bf	(mm)	 tf	(mm)	
S1	 1200	 100	 10.2	 304.8	 152.4	 18.2	













1.4003	 280	 450	 7	 51	
1.4016	 260	 450	 6	 38	
1.4512	 210	 380	 9	 44	
Austenitic	
1.4571	 220	 520	 7	 40	
1.4406	 280	 580	 8	 40	































1.4003	 C40	 606.5	 588.9	 584	 ‐2.9	 ‐3.7	
1.4016	 C40	 585.0	 565.6	 559	 ‐3.3	 ‐4.4	
1.4512	 C40	 493.0	 476.3	 470.5	 ‐3.4	 ‐4.6	
1.4571	 C50	 567.0	 549.9	 538.6	 ‐3.0	 ‐5	
1.4406	 C50	 664.0	 643.7	 632.2	 ‐3.1	 ‐4.8	






































1.4003	 C40	 967.2	 977.23	 965	 1.0	 ‐0.2	
1.4016	 C40	 930.0	 939.1	 925	 1.0	 ‐0.5	
1.4512	 C40	 791.0	 789.2	 777	 ‐0.2	 ‐1.8	
1.4571	 C50	 913.0	 916.0	 892	 0.3	 ‐2.3	
1.4406	 C50	 1058.1	 1062.0	 1047	 1.0	 ‐1.05	






n	 σ . 	(MPa) σ 	
(MPa)	
f 	(MPa)	 bc	(m)	 h	(mm)	 bf	(mm)	 tc	(mm)	
5‐21	 200‐400	 500‐660	 30‐50	 1.0‐3.0	 150‐400 100‐250	 80‐200	
 
	
